Aim: To investigate whether R-848 (resiquimod, toll-like receptor 7/8 agonist) can induce late preconditioning in neonatal cardiac myocytes.
Introduction
TLRs (Toll-like receptors) are part of the innate immune system. They detect infections by highly conserved components of pathogens, such as some protein, lipid and nucleic structures. The stimulation of TLRs initiates the activation of an intracellular signaling network that promotes an inflammatory response via the release of proinflammatory cytokines [1] . Among the 10 TLRs identified in humans, TLR2 and TLR4, in addition to their critical role in mediating cardiac dysfunction in septic conditions, can also recognize endogenous ligands and may play an important role in modulating cardiomyocyte survival [2] [3] [4] . LPS-induced preconditioning via TLR4 has been explored in heart, lung and brain [5] . Recently, it was reported that preconditioning by the TLR2 agonist Pam3CSK4 reduces CXCL1-dependent leukocyte recruitment in murine myocardial ischemia/reperfusion injury [6] . The TLR9 ligand CpG oligodeoxynucleotide (ODN) can serve as a potent preconditioning stimulus and provide protection against ischemic brain injury [7] . These recent studies indicate that multiple TLRs offer promise as novel therapeutic targets for cell survival during ischemia/reperfusion injury in the heart. TLR7 and TLR8, which are expressed intracellularly within one or more endosomal compartments, have been shown to mediate anti-viral responses by means of recognizing singlestranded RNA (ssRNA). Before ssRNA was identified as the natural ligand for TLR7 and TLR8, adenosine analogs such as imidazoquinolines were already used as agonists of TLR7 and TLR8. The imidazoquinoline imiquimod activates transcription factors like nuclear factor kappa B (NFκB) and results in a T helper (Th) 1-polarized immune response by the secretion of proinflammatory cytokines in human blood cells [8] . Therefore, imiquimod has been used as an anti-cancer treatment because of its ability to activate several immune pathways simultaneously, resulting in effective anti-tumor immunity. Resiquimod (R-848) is another imidazoquinoline that binds to both TLR7 and TLR8, resulting in an enhanced activity profile compared to imiquimod, and the use of R-848 is a promising strategy in TLR-based immunotherapy for acute myeloid leukemia [9] . Coxsackierus group B type 3 (CVB3) is considered the most common cause of viral myocarditis in humans, which triggers a cardiac inflammatory response mainly through a TLR7/ TLR8-dependent pathway [10] . Therefore, we deduced that NFκB is a redox-sensitive transcription factor. NFκB activation is involved in TLR7/8 downstream signaling through a MyD88-dependent pathway and is necessary in late preconditioning [11] . Recently, it was reported that both TLR4 and TLR7/8 induce accumulation/activation of HIF1α protein through a redox-dependent mechanism [12, 13] , and activation of HIF1α is also involved in ischemic late preconditioning [14] . Therefore, the activation of NFκB and HIF1α in R-848-induced late preconditioning was determined, and the role of ROS in this activation and the down-regulated protein of these two transcription factors, inducible nitric oxide synthase (iNOS), were determined.
Materials and methods
Neonatal cardiomyocytes culture and anoxia-reoxygenation Principles of laboratory animal care were followed. Neonatal cardiac myocytes were prepared from the hearts of 1-3 dayold Wistar rats (from Shanghai Laboratory Animal Center of the Chinese Academy of Sciences, Shanghai, China) as described previously [15] . Cells were plated at M199 (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) for 48 h. Cells were incubated at 37 °C in an atmosphere with 5% CO 2 , 20% O 2 and 75% Ar (standard gas mixture). Anoxia was attained with an airtight jar from which the O 2 was flushed with a gas mixture containing 5% CO 2 and 95% Ar for 30 min. Reoxygenation was realized by exchanging fresh medium and by its aeration with the standard gas mixture for 60 min. R-848 (0.01 to 1.0 μg/mL, Invivogen, San Diego, CA, USA) was dissolved in media and incubated with the cells for 24 h before anoxiareoxygenation. The cells were incubated with cyclohexamide (CH, 1.0 μmol/L) for 10 min or N-acetylcysteine (NAC, the ROS scavenger, 1 mmol/L) for 1 h before the addition of R-848 (0.1 μg/mL) to the cultures.
Cell viability determination
Cell survival was evaluated by the ability to reduce MTT, an indication of metabolic activity. This viability assay was conducted in 96-well plates and read by spectrophotometry with a microplate reader (Bio-Tek Instruments, USA).
Measurement of lactate dehydrogenase (LDH), superoxide dismutase (SOD) activity and malondialdehyde (MDA) content in cells Twenty-four hours after anoxia-reoxygenation, LDH was detected by a chromatometry assay kit, and SOD was measured by spectrophotometry using a commercially available detection kit (both kits were from Nanjing Jiancheng Biochemical Reagent CO, Nanjing, China) according to the manufacturer's instructions. The MDA content was determined using the thiobarbituric acid method with a commercial kit. The absorbance of each supernatant was measured at 532 nm. 
Measurement of intracellular ROS
Equal numbers of cells (10 000/well in 96-well plates in Hanks Balanced Salt Solution) were treated with 10 μmol/L 2,7-dichlorofluoroscein diacetate (DCF-DA) for 3 h. Cells were washed with phosphate-buffered saline and treated with 0.1 μg/mL R-848 during different time intervals. DCF-DA penetrates into viable cells, and inside the cells, it is converted to DCF, which later reacts with ROS and fluorescence. At the indicated time intervals, the intensity of the fluorescence was measured at an excitation wavelength of 485 nm and an emission wavelength of 527 nm and is expressed as percent of control fluorescence.
Transfer of iNOS siRNA to cardiomyocytes and R-848 treatment iNOS siRNA was chemically synthesized by Shanghai GeneChem Co, Ltd. The targeted sequence resides within the open reading frame of the rat iNOS gene (accession: NM_012611), 898 nucleotides downstream of the start codon. The double strands of siRNA for rat iNOS were taken from published sequences [16] . Cells were transfected with a siRNA targeted for rat iNOS using Lipofectamine 2000 (Invitrogen). A siRNA consisting of a scrambled sequence of similar length was transfected as a control siRNA. Cells that experienced the same transfection procedure without any siRNA transfection were considered to be the sham-treated group. One day before transfection, cells were plated in 500 μL of growth medium without antibiotics such that they were 25%-45% confluent at the time of transfection. The transfected cells were cultured in M199 containing 10% fetal calf serum for 72 h after transfection. After 72 h of siRNA transfection, both the transfected and non-transfected (sham) cells were cultured for 1 d in serum-free M199 media to arrest growth before R-848 treatment. R-848 was added at a concentration of 0.1 μg/mL. Cells were collected for NFκB, HIF1α, and iNOS examination 24 h after R-848 treatment.
RNA extraction and reverse transcription real time PCR Total RNA was isolated from cell pellets using a Qiagen RNeasy minikit (Qiagen, Valencia, CA, USA). First-strand cDNA synthesis was performed for each RNA sample using Superscript II RT Kit (GIBCO BRL, Life Technologies). iNOS mRNA expression was determined by real time PCR using SYBR Premix Ex TaqTM (Takara, Tokyo, Japan). Nucleotide sequences of specific primers for iNOS were designed as described previously [16] . A two-step PCR program was per- .
Preparation of protein extracts
The method by Andrews and Faller [18] was adopted to get the nuclear extracts. Briefly, the cells were washed with cold PBS and homogenized with a cell scraper. The pellets were collected after centrifugation. The cell pellets were then resuspended in buffer B (10 mmol/L HEPES-KOH pH 7.9, 1.5 mmol/L MgCl 2 , 10 mmol/L KCl, 1 mmol/L DTT, 1 mmol/L PMSF, 10 μg/mL apotinin, 10 μg/mL pepstatin, 10 μg/mL leupeptin and 0.1% NP-40) and vortexed at 4 °C for 10 s. The tube was centrifuged to re-obtain the pellet. The pellets were resuspended in buffer C (20 mmol/L HEPES-KOH pH 7.9, 1.5 mmol/L MgCl 2 , 400 mmol/L NaCl, 0.2 mmol/L EDTA, 25% glycerol, 1 mmol/L DTT, 1 mmol/L PMSF, 2 μg/mL aprotinin and 10 μg/mL leupeptin) and gently shaken at 4 °C for 30 min. Nuclear protein extracts were obtained by centrifugation at 12 000 revolutions per minute for 15 min. All the extracts were stored at -80 °C.
Electrophoretic mobility shift assay (EMSA) Nuclear extracts (20 μg) were pre-incubated for 10 min in binding buffer (1 μg poly dI-dC, 10 mmol/L Tris-HCl pH 7.5, 50 mmol/L NaCl, 1 mmol/L EDTA, 5% Glycerol, 1 mmol/L DTT, 1 μg/μL BSA) on ice, followed by 30 min of incubation at room temperature with 1×10
5 dpm (about 0.5 ng) of a γ-32 Plabeled probe (Amersham Biosciences, Sunnyvale, CA, USA) containing the NFκB binding site 5'-AGTTGAGGGGACTTTC-CCAGGC-3' or the HIF1α binding site 5'-AGCGTAATGCGT-GCCTCAGGA-3' (both from Santa Cruz Biotechnology, Santa Cruz, CA, USA). DNA-protein complexes were run on a 6% polyacrylamide gel. For supershift analysis, anti-p65, anti-p50 or anti HIF1α was incubated in the binding buffer for 15 min prior to adding the radiolabeled probe. Unlabeled probes for NFκB and HIF1α, both in 50× excess, were used as competition assays.
Western blotting analysis
The cytoplasmic extracts (20 μg) were mixed with buffer and boiled for 5 min. Proteins were electrophoresed followed by transfer to precoated nitrocellulose membranes. Membranes were blocked with 3% bovine serum albumin for 2 h, then incubated overnight with primary mouse antibodies against iNOS (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or β-actin. Membranes were incubated with a primary antibody and were then exposed to peroxidase-conjugated anti-mouse IgG for 2 h. Proteins were visualized by enhanced chemiluminescence. Bands were scanned into Adobe Photoshop 5.0 and relative absorbency was calculated in Tina 2.0 software as a semi-quantitative method. The iNOS quantitative relative expression (RE) was calculated by comparison to β-actin.
Statistical analysis
The software SPSS13.0 was used to analyze the experimental data. Values are presented as mean±SD. All data were analyzed by one-way ANOVA. Statistical significance was defined as a P value less than 0.05.
Results
Effect of R-848 on neonatal cardiomyocyte viability, LDH, SOD activity and MDA content We first assessed the effect of R-848 on cardiomyocytes. Cardiomyocytes were examined by testing their viability, LDH, SOD activity and MDA content. As shown in Table 1 , the cell viability increased after being treated with R-848 (P<0.05), compared to the control group. In addition, pretreatment of cell cultures with R-848 (0.01 to 1.0 μg/mL) for 24 h before exposure to the anoxia-reoxygenation process significantly reduced cell death. The effect of R-848 was maximally protective at 0.1 μg/mL.
Further, the integrity of cell membranes or necrosis is estimated by LDH release into the media in response to oxidant burden. The toxicity caused by ROS was normally accompanied by an increase of lipid peroxides and was determined by MDA content and SOD activity. As shown in Table 1 , there 
R-848 induced ROS expression
As shown in Figure 1 , 0.1 μg/mL R-848 increased ROS in a time-dependent manner. The increase in ROS after 30 min was followed by a slow increase until 4 h. ROS decreased almost to their original levels by 24 h.
Effect of CH or NAC pretreatment in cell viability, LDH, SOD activity and MDA content after R-848 administration As shown in Table 2 , the toxic action of CH can be ignored because the anoxia-reoxygenation injury determined by cell viability, LDH activity, MDA content and SOD activity was similar between the control and CH groups. The NAC group did not present better results compared to the control group. NAC was administered 24 h before anoxia-reoxygenation, and it is possible that its activity as a ROS scavenger was abolished 24 h later. Otherwise, the concentration used in this study was minor compared to the intense oxidative stress induced by anoxia-reoxygenation. The cardioprotective effect of R-848 was completely blocked after simultaneous CH pretreatment. Compared to the R-848 group, protein synthesis and the cardioprotective effect were also completely blocked after simultaneous NAC pretreatment. A ROS-dependent pathway was apparent in protein synthesis.
Activation of NFκB and HIF1α after R-848 administration, which was abolished after NAC pretreatment We have demonstrated that the R-848-induced cardioprotective effect was completely blocked after NAC administration. Here, we have examined the activation of NFκB and HIF1. As shown in Figure 2A , we found that NFκB was activated by R-848, as evidenced by the retardation in the mobility of the DNA probe containing the NFκB motif R-848 groups. Conversely, low activation of NFκB was noted in the R-848+NAC group. The same status was seen in EMSA of HIF1 ( Figure  2B ). Therefore, we deduced that R-848 can activate these two transcription factors in a redox-dependent manner. The identity of the proteins bound to the probe was determined by supershift analysis. The antibody specific for the p65 subunit, the p50 subunit, or both subunits of the NFκB heretodimer in particular caused retardation of the mobility of the DNA probe ( Figure 2C ). The antibody specific for HIF1α also slowed probe mobility ( Figure 2D ). The supershift assay demonstrated the bands as NFκB and HIF1, respectively. Competitive inhibition with the cold probe for NFκB and HIF1α extinguished the bands. The competition assay further identified the bands as NFκB and HIF1, respectively.
iNOS protein was elevated after R-848 administration, and this elevation was attenuated after NAC pretreatment Detection of iNOS in cytoplasmic extracts by Western blotting showed that iNOS protein expression was robustly elevated after R-848 treatment; however, this elevation was abolished after NAC pretreatment. As shown in Figure 3 , the RE in the R-848 group (0.810±0.057) was higher than the control group (0.204±0.019) and the R-848+NAC group (0.221±0.013), P<0.01. This agrees with the above result that protein synthesis was ROS-dependent. In comparison to the result of real time PCR, Western blotting for iNOS confirmed a similar pattern of expression of the protein, such that the level of iNOS was decreased with RNAi treatment. As shown in Figure 5 , the RE in the sham transfection (0.77±0.047) and control siRNA groups (0.79±0.051) was higher than the iNOS RNAi group (0.33±0.013), P<0.01. This demonstrates that RNAi knocked down the expression of After iNOS down-regulation by siRNA, we next examined its cardioprotective effect following anoxia-reoxygenation. As shown in Table 3 , we found that the cardioprotective effect was completely lost in the iNOS siRNA group compared to the other two groups.
Discussion
Experimentally preconditioning with various TLR agonists has been proven to successfully attenuate ischemic damage through various protective mechanisms [19] . In this study, an endogenous protective mechanism called late preconditioning was explored in TLR7/8 agonist, R-848-induced cardioprotection. Late preconditioning induced ischemically or pharmacologically becomes apparent 12-24 h later and lasts 3-4 d. Nonlethal cellular stress causes the release of chemical signals such as nitric oxide (NO), ROS and adenosine, which serve as triggers for late preconditioning. Many pharmacological agents including proinflammatory cytokines and nitric oxide donors can also induce late preconditioning. This preconditioning is followed by a complex signal transduction cascade involving protein kinase Cε (PKCε), protein tyrosine kinase (PTK), mitogen-activated protein kinase (MAPKs) and as of yet unknown kinases. The recruitment of these kinases leads to the activation of NFκB and AP-1 and other transcription factors, which results in the synthesis of multiple cardioprotective proteins that serve as effectors 24 h after the preconditioning stimulus. The effector proteins include inducible nitric oxide synthase (iNOS), manganese superoxide dismutase (MnSOD), heat shock proteins (HSPs) and activated ion channels [20] . In summary, late preconditioning depends on genomic reprogramming, and effector protein synthesis is necessary for the development of late preconditioning [21] . Effector protein synthesis is required for the late preconditioning effects observed in vitro after pretreatment of rats with norepinephrine [22] or cells with osteopontin [23] and in vivo after six short ischemia-reperfusion cycles in rabbits [21] . In our study, the cardioprotective effect of R-848 was blocked after CH intervention.
Cardiomyocytes exposed to anoxia-reoxygenation in vitro experience a pathophysiological process similar to myocardial ischemia-reperfusion injury in vivo, and this is a wellestablished model. Pretreatment of cell cultures with R-848 for 24 h before exposure to anoxia-reoxygenation significantly increased cell survival and reduced LDH, SOD activity and MDA content. This demonstrates a prolonged cardioprotective effect that becomes apparent 24 h later, after pharmacologic disposal.
As mentioned above, the R-848-induced protective effect was obvious 24 h after drug administration, and this effect was completely abolished after CH intervention. Therefore, we conclude that R-848-induced protection is achieved through a late preconditioning mechanism.
ROS plays a crucial role in the pathogenesis of myocardial ischemia-reperfusion injury giving rise to the "death signal" resulting in apoptotic cell death, leading to an infarcted heart. However, the cardioprotective abilities of preconditioning are completely abolished when the heart is perfused with NAC to scavenge ROS, suggesting that redox signaling plays a crucial role in generating survival signals during myocardial adaptation to ischemia. Therefore, ROS can function as signaling molecules in mediating survival signals [24] . The transduction signature of ischemic preconditioning is comprised of the activation of PKC via G-protein-coupled receptors and endogenously released oxygen radicals. Protection and PKC activation can be mimicked by extracellular generation or application of ROS [25] . Limited oxidative stress can actually induce preconditioning [26] . Recently, it was reported that when TLR4 is activated, ROS are produced and inflammatory cytokines and nitric oxide are released [27] . The universal adaptor MyD88 is also associated with TLR7/8, and is known to promote the generation of ROS. A signaling pathway including Burton's tyrosine kinase (Btk), PLC-1γ, DAG, PI, intracellular Ca 2+ , PKCα/β and Nox was demonstrated to generate subsequent ROS after R-848 administration in THP-1 human myeloid marophages [13] . In our study, the generation of ROS after R-848 administration in cardiomyocytes was demonstrated directly by ROS measurement and indirectly by NAC administration. Because NAC pretreatment blocked protein synthesis and abolished the delayed protective effect completely, we deduce that generated ROS play important roles in transmitting survival signals in R-848-induced late preconditioning.
MyD88 is a universal adaptor that activates the inflammatory pathway in TLR7/8 signaling. In the MyD88-dependent pathway, transforming growth factor β-activated kinase 1 (TAK1), a mitogen-activated protein kinase (MAPK) kinase kinase (MAPKKK), activates two downstream pathways involving the inhibitor of NFκB kinase (IKK) complex and the MAPK family, p38 and c-Jun NH 2 -terminal kinase. The IKK complex catalyzes the phosphorylation and proteolytic degradation of IκB proteins, which leads to the translocation of NFκB to the nucleus and its subsequent binding to its cognate DNA sequence on responsive genes [1] . Activated NFκB is [12] . This activation is important for the support of cell survival as it protects the effector cells against the depletion of ATP and thus contributes to the production of proinflammatory cytokines [13, 14] . In our study, activated HIF1 was also demonstrated. Briefly, receptor tyrosine kinases play an important role in redox signaling via autophosphorylation of tyrosines along their own intracellular tails. We conclude that the mitogenic signals were mediated through the generation of ROS activate transcription factors including NFκB and HIF1α because the activation of NFκB and HIF1α was abolished after NAC pretreatment before R-848 administration.
Expression of HIF1α mRNA and protein is induced in the brains of neonatal rats following hypoxia, intraperitoneal injection of cobalt chloride or desferrioxamine, and this up-regulation is associated with protection against cerebral infarction following hypoxia and ischemia [28] . HIF1α expression is also likely to be involved in cardiac preconditioning because NOS2 expression is essential for late preconditioning, and an intact HIF1 DNA binding site in the NOS2 promoter is required for its transcriptional induction in hypoxic myocardial cells [29] . Previous reports demonstrated that HIF1 interacts with the iNOS promoter directly in myocardial extracts after intermittent hypoxic preconditioning by using chromatin immunoprecipitation assay (CHIP) analysis [30] . Moreover, other studies have indirectly observed the regulation of the iNOS by HIF1 in the heart with the use of knockout iNOS mice [31] . Besides HIF1 regulation, NFκB regulation of iNOS expression was also involved in anisomycin-elicited late preconditioning in the heart [32] . NFκB and HIF1α are the major modulators of iNOS gene expression. Therefore, iNOS protein expression in R-848-treated myocytes was determined. We demonstrated that iNOS protein expression elevated. However, this elevation was attenuated after NAC pretreatment. Because ROS-dependent activation of NFκB and HIF1α was proven in a previous experiment, we conclude that iNOS gene expression occurs through a ROS/ NFκB-HIF1α-dependent pathway.
There is substantial evidence that iNOS plays an obligatory role in NO generation in late preconditioning by acting as a mediator or an effector protein of preconditioning [20, 33] . NO generated from iNOS may open mitochondrial ATP-sensitive K + channels, which have been considered to be end-effectors for myocardial protection [34] . In our study, R-848-induced protection was also abolished after iNOS knocked down.
In summary, a ROS/ NFκB-HIF1α/ iNOS-dependent pathway was demonstrated in R-848-induced late preconditioning, and this result offers promise for the application of R-848 as a cardioprotectant in anoxia-reoxygenation (ischemia-reperfusion) injury. Recently, two classes of single-stranded TLR7/8 and TLR8 RNA agonists with diverse target cell and species specificities and immune response profiles were reported [35] . Goodchild et al demonstrated a model of TLR7/8 activation by siRNAs, in which the two strands are denatured in the endosome, and single-stranded, U-rich RNA species activate TLR7/8 [36] . A follow-up study is warranted to determine whether these highly specific RNA species already identified are also useful in the development of pharmacological agents with cardioprotective applications.
